Opioid abusers discount delayed reinforcers more rapidly than nonusers; however, it is unclear whether chronic drug administration or its discontinuation impacts discounting. This study examined the impact of daily morphine administration and its discontinuation on delay discounting of food in rhesus monkeys. Responding on one lever delivered one food pellet immediately; responding on another lever delivered two food pellets either immediately or after a delay (30-120 s) that increased within the session. Monkeys (n = 3) responded for the large reinforcer when both reinforcers were delivered immediately and more for the smaller, immediately available reinforcer as the delay to delivery of the large reinforcer increased. When administered acutely, morphine (0.032-5.6 mg/kg) increased trial omissions and had variable effects on choice, with small doses decreasing and large doses increasing choice of the large delayed reinforcer. Chronic morphine administration (0.1 mg/kg/day to 3.2 mg/kg twice daily) reduced choice of the large delayed reinforcer in two monkeys, while increasing choice in a third monkey. Despite the development of tolerance to some effects (i.e. rightward shifts in dose-effect curves for the number of trials omitted) and evidence of mild opioid dependence (e.g. decrease in the number of trials completed, as well as body weight), discontinuation of treatment did not appear to systematically impact discounting. Overall, these results suggest that repeated opioid administration causes persistent effects on choice under a delay discounting procedure; however, differences in the direction of effect among individuals suggest that factors other than, or in addition to, changes in discounting might play a role. Behavioural Pharmacology 27:155-164
Introduction
Delay discounting is a process by which the effectiveness of a behavioral consequence decreases as a function of the delay to its presentation (e.g. Mazur, 1987) . Discounting is thought to be relevant to socially important behavior, especially behavior that reflects greater impulsivity or a lack of self-control (Rachlin and Green, 1972; Ainslie, 1975; Logue, 1988; Evenden, 1999) , including drug abuse (e.g. Bickel and Marsch, 2001; Reynolds, 2006; de Wit and Mitchell, 2010; MacKillop et al., 2011; Bickel et al., 2012) . For example, opioiddependent individuals discount the value of delayed reinforcers, including money or drugs, more rapidly than nonusers or former users (e.g. Madden et al., 1997; Kirby et al., 1999) and discount the value of drugs and money more during acute periods of opioid withdrawal as compared with during opioid-maintenance therapy (Giordano et al., 2002) . Enhanced discounting might promote drugseeking and relapse by inducing an individual to choose the more immediately available effects of drug-taking rather than the delayed effects of remaining abstinent, such as improved health, additional income, and positive social interactions.
Increased delay discounting and other forms of impulsive behavior can be determinants or consequences of drug abuse (e.g. Jentsch and Taylor, 1999; de Wit, 2009) . Studies in humans (e.g. Dawes et al., 1997; Tarter et al., 2003; Ersche et al., 2012) have indicated that individuals who exhibit greater impulsivity are at a greater risk for drug abuse as compared with individuals who exhibit lower levels of impulsivity. Likewise, studies with nonhuman subjects have indicated that delay discounting is predictive of drug-seeking and drug-taking (e.g. Dalley et al., 2007; Diergaarde et al., 2008; Marusich and Bardo, 2009 ). Conversely, drug use might enhance delay discounting through the direct effects of the drug (e.g. de Wit and Mitchell, 2010) , through neurobiological changes that occur as a result of long-term exposure to the drug (e.g. Jentsch and Taylor, 1999) , and during periods of withdrawal (e.g. Giordano et al., 2002) .
Recent work has suggested that repeated administration of μ-opioid receptor agonists such as morphine increased delay discounting in rats responding for sucrose (Harvey-Lewis et al., 2012) . Moreover, daily selfadministration of the μ-opioid receptor agonist heroin also appeared to enhance delay discounting in rats responding for food (Schippers et al., 2012) . In pigeons, morphine either increased or decreased discounting of grain when administered repeatedly, with the direction of effects on choice varying across subjects; however, the effects of morphine on choice persisted during daily administration (i.e. there was no tolerance to effects on choice) despite significant tolerance to the ratedecreasing effects of morphine (Eppolito et al., 2013) . Following discontinuation of morphine administration, choice of the large delayed reinforcer increased in most subjects within 1-3 days and, in some subjects, it lasted for up to 5 weeks.
Opioid abuse remains a significant public health challenge (e.g. Atluri et al., 2014) ; determining whether factors such as delay discounting promote drug abuse will aid in the development of more effective prevention and treatment strategies. Although the association between enhanced delay discounting and drug abuse is apparent in clinical populations, the relationship between chronic drug use, discontinuation of drug use, and changes in delay discounting remains unclear. The current study examined the effects of daily administration of the μ-opioid receptor agonist morphine and its discontinuation on delay discounting of food in rhesus monkeys.
Methods

Subjects
Three adult male rhesus monkeys (Macaca mulatta) served as subjects. The monkeys were fed primate chow (High Protein Monkey Diet; Harlan Teklad, Madison, Wisconsin, USA), fresh fruit, and peanuts daily after the session. Body weight increased from 5.7-7.0 to 7.6-8.2 kg during the course of the study. Water was continuously available in the home cage. The subjects were housed individually and were maintained under a 14/10 h light/ dark cycle (lights on at 0600 h). Two monkeys (AN and GE) were previously trained to discriminate ketamine (unpublished data) and had received intermittent (less than daily) injections of opioid and nonopioid drugs; neither monkey had received any drug for 12 months before the beginning of this study. Monkey BR was experimentally naive. The animals used in these studies were maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee and The University of Texas Health Science Center at San Antonio, and with the 2011 Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animals Resources on Life Sciences, National Research Council, National Academy of Sciences).
Apparatus
The subjects were seated in commercially available chairs (Model R001; Primate Products, Miami, Florida, USA) located in ventilated, sound-attenuating operantconditioning chambers. Each chamber was equipped with a custom-made response panel containing two retractable levers (Model ENV-612M; Med Associates Inc., Georgia, Vermont, USA) aligned horizontally 32 cm apart and 15 cm below three horizontally aligned stimulus lights, ∼ 10.5 cm apart (center to center), that could be illuminated white or green. Food pellets (300 mg, banana flavored, Bio-Serv Dustless Precision Pellets, F0179; Bio-Serv, Frenchtown, New Jersey, USA) were delivered from a pellet dispenser (Model ENV-203-300; Med Associates Inc.) to a food receptacle located directly below the center light. An interface (Med Associates, Inc.) and a PC-compatible computer running MED-PC IV (Med Associates Inc.) controlled experimental events and recorded data.
Procedure
Sessions were divided into four blocks, each comprising two forced trials, followed by six choice trials. During a forced trial, one side light was illuminated green and the lever located directly below the light was extended. Thirty responses immediately retracted the lever, extinguished the green side light, illuminated the white center light, and delivered the reinforcer that was associated with responding on that lever: either one food pellet delivered immediately or two food pellets delivered immediately or after a delay that varied across blocks. During the second forced trial, the other side light was illuminated and the corresponding lever was extended; 30 responses immediately retracted the lever, extinguished the green side light, illuminated the white center light, and delivered the reinforcer that was associated with responding on that lever. The order of presentation of forced trials (left/right or right/left) was the same for each block within a session but changed quasi-randomly across sessions with the constraint that the same order did not occur for more than two consecutive sessions. There was no limited hold for forced trials; consequently, both forced trials had to be completed before choice trials were initiated. The time limit for each block was 25 min; failure to complete all trials in a block within that time initiated a 30-s timeout period, during which all lights were extinguished and both levers were retracted, followed by the beginning of the next block.
During choice trials, both side lights were illuminated green and both levers were extended; the contingencies presented for responding on either lever were identical to those presented during the forced trials. In addition, responses on one lever reset the ratio requirement on the other lever; thus, 30 consecutive responses on either lever were required to satisfy the response requirement. Each choice trial lasted for a maximum of 30 s (limited hold). If the limited hold expired before the response requirement was satisfied, the green lights were extinguished, the levers were retracted, and a 140-s timeout was initiated.
Completion of the response requirement during forced and choice trials resulted in continuous illumination of the center white light until delivery of food; the white light was illuminated for 0.2 s when food was delivered immediately and for the duration of the delay when food was delayed. After the delay period expired, the white center light was extinguished and food was delivered. Each food delivery initiated a timeout, during which all lights were extinguished and both levers remained retracted. The duration of each timeout was adjusted so that the time between the end of one trial, when the green lights were extinguished and the levers were retracted, and the beginning of the next trial was always 140 s. That is, timeouts lasted from 20 s, when food delivery was delayed by 120 s, to 140 s, when food was delivered immediately.
Once responding under the choice procedure was established, sensitivity to reinforcer amount was first confirmed by alternating which lever was associated with the large reinforcer. Responding on one lever delivered one food pellet immediately and responding on the other lever delivered two food pellets immediately for all four blocks of the session. Once the monkeys chose the large reinforcer on at least 80% of choice trials in each of the four blocks for one session, the levers associated with the small and large reinforcers were reversed. The location of the large reinforcer was alternated at least twice for each monkey before the introduction of delay. Once established, the lever delivering the large reinforcer remained constant for each monkey (right lever for monkeys AN and BR, left lever for monkey GE) for the remainder of the experiment. Delays were presented in ascending order (30, 60, and 120 s) in each session, with one delay per block; during the first block, both reinforcers were delivered immediately.
Early in training, sessions without delay were introduced once every five to seven sessions to confirm that changes in response allocation within a session were because of delay and not other factors (e.g. passage of time within the session). Once implemented, no-delay sessions continued until the monkey chose the large reinforcer on at least 80% of choice trials in all four blocks of a session, with delays reintroduced in the next session. Periodically during the initial training period, sessions were conducted in which delivery of the large reinforcer was delayed by 120 s in all four blocks of the session until the monkeys chose the large reinforcer on no more than 20% of choice trials for the entire session. Once the monkeys responded predominantly for the small reinforcer in all components, delay was removed for at least one session after which the ascending delay sequence was reintroduced.
Monkeys received a saline injection (0.3 ml) daily, 15 min before the start of the first block of the session. Test sessions began when the following criteria were satisfied for three consecutive sessions. First, the monkeys chose the large reinforcer on at least 80% of choice trials in the first (no-delay) block of the session and on no more than 20% of choice trials during the last block of the session. Second, at least five of six choice trials were completed during each block. The acute effects of morphine were assessed first by substituting an injection of morphine for saline (i.e. 15-min pretreatment). Doses generally were tested in ascending order, ranging from a dose that did not substantially increase the number of trials omitted or impact the delay function to a dose that increased the number of trials omitted by at least 25% of the maximum possible (24 omissions). Tests were conducted every fourth session so long as responding during the immediately preceding three sessions satisfied the stability criteria.
For at least seven sessions before the beginning of daily morphine administration, the monkeys received two saline injections daily, one 3 h before the session and another 15 min before the session (Fig. 1 , phase A). Once responding was stable, morphine was administered 3 h before the session and saline was administered 15 min before the session. This dosing regimen was repeated daily for at least 14 days (phase B) and until responding was stable; thereafter, the injection of morphine was replaced with saline and a test dose of morphine was injected 15 min before one session (during phase C). On the day immediately after a test dose, daily administration of morphine resumed and continued until responding was stable again, at which point an additional test dose of morphine was administered as before. Once responding was stable after the second test dose and the monkeys had received morphine for at least 21 days, morphine administration was discontinued (phase D). The monkeys received saline for both daily injections for at least 3 days and until responding was stable, at which point no-delay sessions were implemented (as described above) to reassess control by delay. When no-delay test sessions were complete, delays were reintroduced; when responding was again stable, daily administration of another dose of morphine began (phase B). Daily treatment doses of morphine were tested in ascending order ( Table 1 ). The first dose tested (0.1 mg/kg) was chosen because it was three-fold smaller than a dose that had enhanced discounting for juice in a previous study (Maguire et al., 2012) . When monkeys received twicedaily injections of morphine, the morning and presession injections did not change, and a third injection was given at 1700 h, 5 h after the previous session and 17 h before the next session.
Drugs
Morphine sulfate was provided by the Research Technology Branch, National Institute on Drug Abuse (Bethesda, Maryland, USA), dissolved in sterile water, and injected subcutaneously in the back in a volume of 0.2-0.8 ml.
Data analyses
Delay functions for each session were obtained by plotting the proportion of choices for the large reinforcer as a function of delay; for each block, the number of choices of the large reinforcer was divided by the total number of choice trials completed. In addition, proportion choice of the large reinforcer was calculated for each session by dividing the total number of choices of the large reinforcer by the total number of choice trials completed for an entire session. This measure provides an index of choice that could be tracked across sessions; a leftward shift in the delay function would be represented by a decrease in proportion choice of the large reinforcer for the entire session.
A change in the potency of morphine to increase the number of choice trials omitted was quantified by calculating ED 50 values by linear interpolation. A line that spanned the 50% effect level was fit to the dose-effect curve, including data from the largest dose that produced fewer than 12 omissions to the smallest dose that produced more than 12 omissions (half of the maximum number of omissions possible). In the event that the doses tested did not increase the number of choice trials omitted to more than 12, it was assumed that the next larger dose (quarter-log unit increments) would produce a full effect (i.e. 24 omissions). Changes in the potency of morphine to increase the number of choice trials omitted was determined by dividing the ED 50 of the morphine dose-effect curve obtained during daily administration by the ED 50 of the morphine dose-effect curve obtained before daily administration. Ratios greater than 1.0 indicate a rightward shift in the morphine dose-effect curve and a decrease in potency (i.e. tolerance).
Results
Proportion choice of the large reinforcer exceeded 0.9 when both reinforcers were delivered immediately (data over '0', Fig. 2 ). Proportion choice of the large reinforcer decreased as a function of delay, to less than 0.2 by the third block of the session (60 s delay) for monkeys AN and BE, and by the fourth block of the session (120 s delay) for monkey GE. For the entire session, proportion choice of the large reinforcer (averaged for each monkey) was 0.56 (AN), 0.54 (BR), and 0.68 (GE) (data not shown). In sessions without delay, the monkeys exclusively chose the large reinforcer during all blocks (i.e. proportional choice of the large reinforcer for the entire session was 1.0), and in sessions during which the delivery of the large reinforcer was delayed by 120 s for all blocks, the average proportional choice of the large reinforcer was 0.07 (AN), 0.11 (BR), and 0.07 (GE) (data not shown).
When administered 15 min before the session, the smallest doses of morphine tested in each monkey [0.032 mg/kg for AN (data not shown) and 0.32 mg/kg for GE and BR] did not substantially alter the delay function or the number of choice trials completed. A three-fold larger dose of morphine (0.1 mg/kg for AN and 1.0 mg/kg Table 1 . for BR and GE) did not impact choice of the large reinforcer in the first component (no delay ; Fig. 2 ) or substantially increase trial omissions (Fig. 4) ; however, choice of the large reinforcer was decreased when morphine delivery was delayed by 30 s (all monkeys) or 60 s (monkey GE). In two monkeys a larger dose of morphine (0.32 mg/kg and larger for AN, 3.2 mg/kg for GE) increased choice of the larger reinforcer when its delivery was delayed by 60 and 120 s (Fig. 2) , and in all monkeys doses of 3.2 mg/kg and larger increased the number of choice trials omitted (Fig. 4) .
For monkey AN, daily administration of morphine dosedependently increased choice of the large delayed reinforcer, with 3.2 mg/kg of morphine producing nearexclusive choice of the large reinforcer (Fig. 3, top left) and modestly increasing the number of choice trials omitted (bottom left). For BR and GE, daily administration also increased the number of choice trials omitted but decreased proportion choice of the large delayed reinforcer. Increasing the frequency of drug administration to twice daily attenuated the effects of morphine on choice and omissions (Fig. 3 , bars above '3.2 × 2'). Before daily administration, morphine dose-dependently increased omissions (filled circles, Fig. 4) , with ED 50 values ranging from 2.5 to 4.8 mg/kg ( Table 2 ). The potency of morphine to increase omissions decreased as the dose of morphine administered daily increased. ED 50 values increased by as much as eight-fold following twice daily administration of 3.2 mg/kg morphine (half-filled triangles, Fig. 4 ; Table 2 ).
Discontinuation of once-daily administration of 0.32 mg/kg morphine (Fig. 5, squares) resulted in a return to baseline choice and a small increase in trial omissions for the monkey AN (middle row), while having no obvious impact on choice or omissions for monkeys BR or GE. Discontinuation of 0.32 mg/kg/day morphine did not impact body weight in any monkey (Fig. 5, bottom row) . Discontinuation of once-daily administration of 3.2 mg/kg morphine (open triangles) decreased proportion choice of the large reinforcer on day 2 in monkey AN and increased proportion choice on subsequent days which gradually returned to baseline levels. For monkey BR, discontinuation increased choice of the large reinforcer from 0 during daily administration of 3.2 mg/kg morphine to baseline levels (open triangles) and markedly reduced the number of trial omissions. For monkey GE, discontinuation of 3.2 mg/kg/day morphine decreased choice of the large reinforcer on the second day, followed by a return to baseline. Upon discontinuation of once daily administration of 3.2 mg/kg morphine, body weight decreased by 0.25 kg in monkeys AN and GE, an effect that lasted for up to 5 days in monkey GE, and increased in the monkey BR. Discontinuation of twice-daily administration of 3.2 mg/kg morphine (half-filled triangles) substantially increased choice of the large delayed reinforcer in AN, lasting 3 days, had no impact on choice in BR, and had variable effects on choice in GE (choice of Effects of acutely administered morphine on delay discounting of food. Proportion choice of the large reinforcer is plotted as a function of delay (s) to the large reinforcer for individual monkeys; delay increased across blocks (indicated by brackets) for each session. Filled circles indicate the mean ( SEM) for three baseline sessions immediately before administration of the first dose of morphine. Open symbols indicate the effects of different doses of morphine administered subcutaneously 15 min before the session. See 'the Data analyses' section for further details. 
AN BR GE
Effects of daily morphine treatment on choice of the large reinforcer (upper panels) and trial omissions (lower panels). Each bar indicates the mean ( SEM) of the first 14 days of daily morphine administration. The shaded region indicates the mean ( 2 SD) for three baseline sessions. The ' × 2' next to a symbol indicates a condition in which that dose of morphine was administered twice daily (see the 'Methods' section for details). the large reinforcer increased and then decreased). Discontinuation of twice-daily administration of morphine increased omissions and decreased body weight in all three monkeys, with body weight not recovering for up to 7 days.
Discussion
Opioid abuse is associated with enhanced delay discounting in so far as current users discount the value of delayed consequences more rapidly than nonusers or former users, and opioid-dependent individuals in treatment discount more rapidly during periods of abstinence as compared with during treatment (e.g. Madden et al., 1997; Giordano et al., 2002) . A growing body of research suggests that repeated opioid administration and its discontinuation (i.e. withdrawal) might impact delay discounting in a manner that promotes continued drug use or relapse to drug use in abstinent individuals. However, the relationship between impulsivity, treatment dose, discontinuation of treatment, type of reinforcer used to assess impulsivity, and specific measures of impulsivity (e.g. delay discounting) have not been studied extensively. The current study examined the effects of daily administration of the μ-opioid receptor agonist morphine and its discontinuation on delay discounting of food in rhesus monkeys.
Consistent with earlier studies (e.g. Evenden and Ryan, 1996) , responding was sensitive to reinforcer amount and delay. When given a choice between one and two food pellets, both delivered immediately, the monkeys responded predominantly for the larger amount of food. Choice of the large reinforcer decreased as the delay to its delivery increased. When administered acutely, an intermediate dose of morphine (0.1-1.0 mg/kg) decreased choice of the large reinforcer when its delivery was delayed but not when it was delivered immediately. In contrast, larger doses of morphine increased choice of the large delayed reinforcer, particularly in monkeys AN and GE. The tendency for intermediate doses of morphine to decrease choice of the larger reinforcer in some subjects is consistent with previous studies (Kieres et al., 2004; Pitts and McKinney, 2005; Pattij et al., 2009; Maguire et al., 2012; Tanno et al., 2014) . Increased choice of the large reinforcer following acute administration of larger doses of morphine has been reported less frequently (e.g. Eppolito et al., 2013 ) and occurred concomitantly with increased trial omissions. The effect of larger doses of morphine on choice might reflect the involvement of factors other than, or in addition to, changes in discounting. For example, other effects might have overshadowed effects on discounting, such as changes in sensitivity to reinforcer amount or increased perseveration, causing increased choice of the large delayed reinforcer. As is the case with stimulant drugs (e.g. Cardinal et al., 2000; Maguire et al. 2014; Tanno et al., 2014) , the effects of opioids on discounting might vary markedly across different experimental conditions; however, effects of opioids on discounting have been studied under a very narrow range of conditions compared with studies using stimulant drugs.
On the basis of studies with opioid-dependent individuals (e.g. Madden et al., 1997; Giordano et al., 2002) and with opioid-treated, nonhuman subjects (e.g. Harvey-Lewis et al., 2012; Maguire et al., 2012; Schippers et al., 2012) , it was hypothesized that repeated administration of a μ-opioid receptor agonist such as morphine would decrease choice of the large delayed reinforcer (i.e. enhance delay discounting) and that changes in choice would persist for the duration of treatment. In the current study, daily morphine administration decreased choice of the large delayed reinforcer in two monkeys (BR and GE), consistent with the view that repeated administration of morphine enhances delay discounting; however, for a third monkey (AN), daily administration of morphine increased choice of the large reinforcer. It is unclear whether increased choice of the large reinforcer represents reduced discounting or the development of a bias for the lever associated with the large reinforcer (see above). Increasing the delays might have revealed a switch in choice from the large delayed to the small immediately available alternative.
Differences among individuals in the effects of opioids on delay discounting have been reported in nonhuman studies (Pitts and McKinney, 2005; Eppolito et al., 2013) but have not been thoroughly examined. Individuals can vary markedly in their sensitivity to the effects of drugs on delay discounting, and these differences might reflect important factors relevant to vulnerability for drug abuse. The role of individual differences in the relationship between delay discounting and abuse-related drug effects (e.g. self-administration) has been studied (e.g. see for a review), although individual differences in sensitivity to drug effects on delay discounting has received less attention, perhaps because many studies report group data, which mask intersubject variability. The importance of individual differences in measures of impulsivity with regard to predicting vulnerability to drugs of abuse remains to be determined.
Notwithstanding differential effects on choice, in all monkeys, the effects of daily morphine administration were dose-related and persisted for at least 14 days of treatment, consistent with previous studies using pigeons (e.g. Eppolito et al., 2013) and suggesting that tolerance to the effects of morphine on choice does not necessarily develop despite the development of tolerance to its effects on omissions ( Fig. 4 and Table 1 ). However, increasing the frequency of treatment from once to twice daily produced tolerance to the effects of morphine on choice (compare 3.2 with 3.2 × 2; Fig. 3 ).
One potential consequence of repeated administration of a μ-opioid receptor agonist is the development of physical dependence, which is revealed by the emergence of withdrawal upon discontinuation of treatment. Enhanced delay discounting has been reported for persons undergoing acute withdrawal from opioids as compared with discounting when the same individuals are maintained on daily buprenorphine treatment (Giordano et al., 2002) . Similarly, delay discounting in morphine-treated rats responding for sucrose is enhanced following injection of the opioid receptor antagonist naloxone (i.e. during antagonist-precipitated withdrawal; Harvey-Lewis et al., 2014). Enhancement of delay discounting upon discontinuation or interruption of treatment might be one sign of withdrawal, which could increase the likelihood of continued drug use. In the current study, discontinuation of daily morphine administration decreased foodmaintained responding and decreased body weight (Fig. 5 ) in two monkeys, consistent with the emergence of mild opioid withdrawal (e.g. Holtzman and Villarreal, 1973; Gellert and Sparber, 1977) . However, discontinuation of treatment did not consistently decrease choice of the large delayed reinforcer. Rather, discontinuation of treatment increased session-to-session variability in choice which often coincided with increased trial omissions. Increased variability in choice might reflect a loss of sensitivity of responding to reinforcer amount and delay, owing in part to decreased reinforcing effectiveness of food during opioid withdrawal. This loss of sensitivity might allow for other factors (e.g. response bias) to impact responding.
The type of commodity being discounted can significantly impact rates of delay discounting and could impact interactions between drug use and discounting. For example, drug abusers discount drug reinforcers more steeply than money (Madden et al., 1997; Bickel et al., 1999; Petry, 2001; Coffey et al., 2003) , and differences in discounting across reinforcers appear to be modulated by the level of drug use and the degree of deprivation. For example, 24-h nicotine deprivation in cigarette smokers increases preference for immediately available cigarettes when the alternative is delayed money; however, when participants were given a choice between different amounts of money, there was no effect of nicotine deprivation (Mitchell, 2004) . Thus, interactions among drug dependence, withdrawal, and delay discounting likely depend upon the type of reinforcer. It is possible that delay discounting procedures in which subjects choose between different reinforcers, such as different doses of a μ-opioid receptor agonist (e.g. remifentanil; Maguire et al., 2013a) or between a drug and food (Maguire et al., 2013b) , might be more affected by repeated opioid treatment and/or withdrawal, compared with the procedure used in the current study in which subjects chose between different amounts of food.
In summary, this study examined the effects of acute and chronic morphine administration and its discontinuation on delay discounting of food in rhesus monkeys. Under baseline conditions, responding was sensitive to reinforcer amount and delay. When administered acutely, intermediate doses of morphine decreased, whereas larger doses increased, choice of the larger delayed amount of food. Daily morphine administration decreased choice of the large delayed reinforcer in two monkeys and increased choice in a third monkey. Despite the development of tolerance to some effects of morphine (e.g. rightward shifts in dose-effect curves for the number of trials omitted) and evidence for mild opioid dependence (e.g. decreased number of trials completed and decreased body weight), discontinuation of daily treatment did not appear to systematically impact discounting. Overall, these results suggest that repeated opioid administration produces persistent effects on choice under a delay discounting procedure; however, differences in the direction of effect among individuals suggest that factors other than, or in addition to, changes in discounting might play a role. Individual differences both in sensitivity to delay and in response to drug effects on delay discounting might be related to and predictive of vulnerability. Discontinuation of daily morphine administration did not systematically impact delay discounting of food; it remains to be determined whether repeated administration of an opioid receptor agonist, or its discontinuation, modifies discounting of other types of reinforcers (e.g. drugs).
